Chiral self-sorting is a phenomenon wherein racemic components are spontaneously sorted into homo-or heterochiral molecular assemblies through chiral discrimination between the components. Chiral self-sorting may be related to biological molecular systems where chiral biomolecules are concerned, but the detail of this sorting process has been unclear. Here we show the chiral self-sorting process in the formation of a homochiral Pd 2 L 4 coordination cage from a racemic mixture of a binaphthol-based ditopic ligand by quantitative analysis of self-assembly process (QASAP). The self-assembly of the cage mainly takes place through two pathways that branch off from the intermolecular reaction of mononuclear complexes. Even though the homochiral cages are thermodynamically the most stable, heterochiral intermediates were preferentially produced at first under kinetic control, which were eventually converted into the homochiral cages. Our results reveal complicated pathways in chiral self-sorting.
C hiral recognition has been thought to be one of the important phenomena relevant to the origin of life, where only one-handed chiral structures, D and L isomers, were selected as constituents of biological structures such as DNAs and proteins [1] [2] [3] [4] [5] [6] [7] [8] . Thus chiral recognition has attracted much attention for the purpose of in-depth understanding of why and how one of the enantiomers was selected and has been amplified in life. Chiral self-sorting is a phenomenon that racemic components are spontaneously sorted into homo-or heterochiral molecular assemblies through chiral discrimination between the components. Although chiral self-sorting is not directly related to the selection of one of the enantiomers in the origin of life, it may be relevant to biological molecular systems where chiral biomolecules are concerned. Encouraged by elaborate biological systems, simplified artificial examples of chiral self-sorting have been reported in molecular self-assembly of racemic components . Biasing toward homochiral or heterochiral assembled structures takes place under thermodynamic control based on the recognition between chiral molecular building blocks. The strategies for narcissistic (homochiral) or social (heterochiral) self-sorting in supramolecular systems are well categorized [9] [10] [11] [12] [13] [14] [15] 26, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . However, chiral self-sorting process has remained to be seen mainly due to lacking an appropriate analytical method for the quantitative investigation of molecular self-assembly processes.
Recently, we have developed a method for the investigation of molecular self-assembly processes based on the concept that the information about the intermediates transiently produced during molecular self-assembly, most of which cannot be detected by spectroscopy, can indirectly be obtained as the average composition of all the intermediates by the quantification of all the substrates and the products (QASAP: quantitative analysis of selfassembly process) [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . QASAP has enabled us to reveal the selfassembly processes of coordination cages 55, 56 , capsules [57] [58] [59] , sphere 60 and rings [61] [62] [63] .
Here we report the chiral self-sorting process of an enantiomeric pair of homochiral cages consisting of two Pd(II) ions and four one-handed BINOL-based ditopic ligands 64 along the self-assembly pathways of the cage revealed by QASAP. During the self-assembly of the homochiral cages, more heterochiral dinuclear intermediates than under the statistical ratio are firstly produced by intermolecular reactions of mononuclear species. Then the correction of chirality in the heterochiral cages and the dinuclear intermediates takes place with the aid of free ditopic ligands to lead to the homochiral cages, indicating complicated pathways in the chiral self-sorting.
Results
Self-assembly process of the cage from 1 S . Prior to discussing the chiral self-sorting process of the homochiral Pd 2 1 4 cages (Fig. 1) , the self-assembly process of the Pd 2 1 S 4 homochiral cage from one of the enantiomers of the binaphthol (BINOL)-based ditopic ligand 1 S and PdPy* 4 (BF 4 
where Py* indicates 3-chloropyridine. The self-assembly of the Pd 2 1 S 4 cage was monitored by 1 H NMR spectroscopy ( Fig. 3 and Supplementary Figs 1 and 2 ). Many signals not assigned to either the substrates (1 S and PdPy* 4 (BF 4 ) 2 ) or the products (Pd 2 1 S 4 and Py*) appeared at 5 min and disappeared within 60 min. These apparent signals for the intermediates were not found after 60 min but 40% of 1 S still remained in the intermediates at 60 min (yellow line in Fig. 4a ). This result indicates that the 1 H-NMRobservable primitive intermediates (Int P ) would be converted into the intermediates that cannot be observed by 1 H NMR, which finally led to the Pd 2 1 S 4 cage within 12 h. The self-assembly process was then investigated by n-k analysis ( Fig. 4b and Supplementary Tables 1-5) 54 . The intermediates of the self-assembly in Eq. (1) are generally expressed by Pd a 1 b Py* c (a, b and c are positive integer or 0). The (n, k) value for Pd a L b Py* c is defined by Eqs. (2) and (3) . The n value indicates the average number of Pd(II) ions bound to a single ligand L, while the k value represents the ratio between Pd(II) and the ligand (Fig. 4c) . The average composition of all the intermediates, Pd
Therefore, n-k analysis enables us to investigate molecular selfassembly process based on the average composition of all the intermediates even if none of the intermediates can be detected by spectroscopy. From 5 to 60 min, the 〈k〉 value was almost constant at 0.55, which is higher than 0.5, indicating that slightly more Pd(II) ions were incorporated into the intermediates than in the stoichiometric ratio of the substrates ([Pd] 0 :[1 S ] 0 = 1:2). The 〈n〉 value increased from 1.1 to 1.9 during this period, which correlates to the release of a large amount of Py*s (Fig. 4a) . As the consumption of both the substrates in Eq. (1) continued after 5 min, it is true that intermolecular ligand exchanges of the substrates took place, but a large increase in the 〈n〉 value would be mainly due to intra-and/or intermolecular ligand exchanges in/between the intermediates. From 1 to 3 h, the 〈k〉 value increased with an almost constant value of the 〈n〉 value at 1.87. Considering that both the substrates were slowly consumed with the production of a large amount of the cages during this period, the increase in the 〈k〉 value is mainly due to the release of the cage from a mixture of the intermediates.
The species whose (n, k) value is close to the (〈n〉, 〈k〉) values obtained by experiment were Pd 2 1 S 3 Py* c (c = 2-4) and Pd 2 1 S 4 Py* c (c = 1-3) (red cross hairs in Fig. 4b ). Then the selfassembly of the Pd 2 1 S 4 cage was monitored by ESI-TOF mass spectrometry (Supplementary Figs 8a, 9a, 10a and 11a and  Supplementary Table 17 ). The coordination ability of Py* is weaker than that of the pyridyl groups in 1, and Py* tends to leave the Pd(II) centres during the ionization process 58 . This tendency was confirmed by the observation of Pd1 S Py* 2 , whose Pd(II) centre is coordinately unsaturated. A part of the observed signal should thus be derived from the species that have more Py* than those observed by ESI-TOF mass spectrometry, and Pd 2 1 S 4 Py* c (c = 1-3) should exist in the reaction mixture.
Considering that n-k analysis and the ESI-TOF mass monitor of the self-assembly suggest that dinuclear complexes were already produced in the beginning of the self-assembly, Int P , which are considered to be precursory species of the dinuclear intermediates, should be mononuclear complexes. The existence ratio of Int P at 5 min based on 1 S is 48%, while that of all the intermediates is 70% (Fig. 4a and Supplementary Table 1 ), indicating that 22% of 1 S should be incorporated in the dinuclear intermediates that could not be detected by 1 H NMR spectroscopy. Int P was analysed with the 1 H NMR spectrum measured at 5 min, in which eight chemically inequivalent H g signals were observed ( Fig. 3b and Supplementary Fig. 2 ). This result suggests that Int P contains a mixture of mononuclear complexes possessing different number of 1 S , Pd1 S b Py* 4-b (b = 1-4). The 〈k〉 value of about 0.55 until 1 h (Fig. 4b) (Fig. 5a ), the total number of chemically inequivalent methyl groups of 1 S in Pd1 S Py* 3 and cis-and trans-Pd1 S 2 Py* 2 is 8, which is the same as the number of signals observed in the 1 H NMR spectra. The (〈n〉, 〈k〉) value at 5 min (1.13, 0.56) is far from that for Pd1 S Py* 3 (1.00, 1.00) but is close to that for Pd1 S 2 Py* 2 (1.00, 0.50), suggesting that more Pd1 S 2 Py* 2 existed than Pd1 S Py* 3 at 5 min. In the following discussion, Pd1 S Py* 3 and cis and trans isomers of Pd1 S 2 Py* 2 are considered to be the main species in Int P .
After 5 min, intermolecular ligand exchanges between Int P s produce dinuclear complexes, Pd 2 Fig. 2 Self-assembly process of the cage(s). As the self-assembly processes of the Pd 2 1 4 cage(s) from 1 S and from a racemic mixture of 1 are the same except diastereomers for the intermediates and the cages, the chirality of 1 (1 S or 1 R ) is not shown in this figure. The dashed arrows indicate minor pathways. Int P indicates the primitive intermediates that exist in the beginning of the self-assembly of the cage (from 5 to 60 min). One of the representative isomers is shown for Pd 2 1 4 Py* 3 (A) and Pd 2 1 3 Py* 4 . Py* indicates 3-chloropyridine (6) and (7)).
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According to the 〈k〉 value of 0.55 ( Fig. 4b) (Fig. 4b) . It is worth noting that the isomer of Pd 2 1 S 4 Py* 3 (B in Fig. 2 ) derived from the reaction of cis-and trans-Pd1 S 2 Py* 2 cannot lead to the cage by simple intramolecular ligand exchanges (Fig. 2) , and thus this Pd 2 (6) is converted into the Pd 2 1 S 3 Py* 2 partial cage and its further transformation toward the cage requires the incorporation of a ditopic ligand (free 1 S or Int P ) through an intermolecular ligand exchange, which should be slower than the intramolecular ligand exchanges. As a consequence, the amount of Pd 2 1 S 4 Py* c (c = 1-3) in the intermediates should decrease faster than that of Pd 2 1 S 3 Py* c (c = 2-4). Thus the 〈k〉 value increased after 60 min as a result of the increase in the relative ratio of Pd 2 1 S 3 Py* c (c = 2 and 3) in the intermediates. The self-assembly process of the Pd 2 1 S 4 cage from 1 S and PdPy* 4 (BF 4 ) 2 is summarized in Fig. 2 .
Self-assembly process of the cages from 1 S and 1 R . Next, the formation of the homochiral cages from a racemic mixture of 1 S and 1 R in the same condition (CD 3 NO 2 and CD 2 Cl 2 (4:1, v/v) at 298 K) was investigated by QASAP. The rate of the formation of the homochiral cages (Pd 2 1 S 4 and Pd 2 1 R 4 ) (blue solid circles in Fig. 6 ) is significantly slower than that of Pd 2 1 S 4 from 1 S (blue open circles in Fig. 6 ) but the rates of the release of Py* in both the cases are similar to each other (green solid and open circles). This result suggests that heterochiral species containing 1 S and 1 R should mistakenly (kinetically) be produced during the selfassembly. Indeed, the 1 H NMR signals for the heterochiral cages were observed, which will be discussed later.
The 1 H NMR spectrum for the self-assembly of the homochiral cages from a racemic mixture of 1 S and 1 R at 5 min was very similar to that for the self-assembly from 1 S at 5 min ( Fig. 7 and Supplementary Figs 3 and 4), which suggests the formation of similar mononuclear Pd(II) complexes (Int P ) in the very early stage of the self-assembly. The number of H g signal observed in Fig. 7b is more than that in Fig. 3b , which indicates the formation of heterochiral Pd1 2 Py* 2 ( Fig. 5a ) as Int P . After 5 min, these signals disappeared and five new signals that were not observed in the case of the self-assembly from 1 S appeared at 30 min and increased until 3 h. These chemically inequivalent H g signals were observed in 2.5-2.6 ppm ( Fig. 7b and Supplementary Fig. 4 ). 1 H DOSY measurement of the reaction mixture at 3 h (Supplementary Fig. 5 and Supplementary Table 16) indicates that the diffusion coefficients of these signals are similar to that for the homochiral cages, suggesting that the species mainly produced from 30 min to 3 h are a mixture of heterochiral cages (Fig. 1) . According to the symmetry of the heterochiral cages (Pd 2 1 S 3 1 R (or Pd 2 1 S 1 R 3 ) and cis-and trans-Pd 2 1 S 2 1 R 2 ) shown in Fig. 5b , the total number of chemically inequivalent methyl groups of 1 is 7, suggesting that some of the H g signals should overlap with each other. The change in the integrals of the five H 1 -H 5 signals with time was analysed (Supplementary Figs 4, 6 and 7) and it was found that the integral ratios of H 1 , H 3 and H 5 were kept to be 1:2:1 and that the integrals of H 2 and H 4 changed independently. As to Pd 2 1 S 3 1 R in Fig. 5b , the environments of a and b are similar. In the same way, the Fig. 6 ). Thus, it is the best reasonable that H 2 is derived from the methyl groups a in cis-Pd 2 Fig. 13 and Supplementary Table 20 ). As will be described below, a discussion on the chiral selfsorting process is possible not depending on the assignment of each heterochiral cage. After 3 h, the signals for the heterochiral cages decreased, which was concomitant with the increase of the signals for the homochiral cages. ESI-TOF mass spectrometry of the reaction mixture from a racemic mixture of 1 S and 1 R showed the same species as was detected in the self-assembly of the Pd 2 Table 18 ), suggesting that the self-assembly processes of the homochiral cage(s) from 1 S and from a mixture of 1 S and 1 R are the same as long as the formation of diastereomeric isomers is ignored. A similarity in the selfassembly process between from 1 S and from a racemic mixture of 1 S and 1 R was also confirmed by n-k analysis (the heterochiral cages are not included in the intermediates in Fig. 8b ). The 〈n〉 value increased with an almost constant 〈k〉 value from 5 to 60 min. After 1 h, the 〈k〉 value increased (Fig. 8b) , mainly because more Pd(II) ions were incorporated into the intermediates than free ligands (brown line in Fig. 8a) .
It is worth noting that free ditopic ligands remained in the reaction mixture during the self-assembly (purple line in Fig. 8a ). Considering the associative ligand exchange mechanism on Pd(II) centres 65 , the heterochiral cages cannot be converted into the homochiral ones without breaking the Pd-N bonds in the heterochiral cages initiated by the coordination of a free ligand to the Pd(II) centre. Such a role of the free ligand for the conversion of kinetically produced species into thermodynamically the most stable structure has been observed in other Pd(II)-based selfassemblies 56, 59, 60 .
Chiral self-sorting process of the homochiral cages. It was found that in the self-assembly of the homochiral cages from a racemic mixture of 1 S and 1 R mononuclear species (Int P , which mainly contains Pd1Py* 3 and Pd1 2 Py* 2 ) are initially produced and then converted into (homo-and heterochiral) Pd 2 1 3 Py* c (c = 2-4) and Pd 2 1 4 Py* c (c = 1-3), which are transformed into a mixture of homo-and heterochiral cages, and that the cage 1-3) is the main pathway. In order to discriminate homo-and heterochiral species by ESI-TOF mass spectrometry, the self-assembly of the cage from a 1:1 mixture of 1 S and partially deuterated 1 R (1 R -d 6 ) was carried out under the same condition (Fig. 1) . In this experiment, the species that contain the different number of enantiomeric ditopic ligands can clearly be distinguished but the stereoisomers cannot.
To investigate the chiral self-sorting process in the dominant pathway of the cage formation, the time Supplementary Fig. 9b ), indicating that the conversion rates of chiral isomers of Int P are almost the same. As mentioned above, the signal for [Pd 2 1 4 ] 4+ is derived from the species Pd 2 1 4 Py* c (c = 0-3). The signals for all the five chiral isomers, [Pd 2 Supplementary Fig 11b) and their relative existence ratio was determined under the assumption that the five diastereomers are ionized with the same probability ( Supplementary Fig. 12 and Supplementary Table 19 ). The ratio for (S,S,S,S), (S,S,S,R), (S,S,R, R), (S,R,R,R) and (R,R,R,R) at 15 min was 1:5.4:10.2:5.4:1, which indicates that the heterochiral species ((S,S,S,R), (S,S,R,R) and (S,R,R,R)) are more favoured than the statistical ratio (1:4:6:4:1). This result indicates that chiral self-sorting already took place towards the heterochirality to some extent in the formation of the dinuclear intermediates. Then the signals for the homochiral species, (S,S,S,S) and (R,R,R,R), were intensified with the decrease in the signals for the heterochiral species ( Supplementary  Fig. 11b ). As far as we know, this is the first report on the monitor of chiral self-sorting process.
To quantitatively discuss the degree of chiral self-sorting, we defined parameter X, which expresses how much a system is biased towards homo-or heterochiral assemblies. Now we consider a general case where the two enantiomeric homochiral isomers and m of heterochiral isomers (homo, hetero 1 , hetero 2 , ······, hetero m-1 , hetero m and homo) are produced. When the 
When the diastereomeric isomers are distributed under the statistical ratio (no preference), X = 0. When X is positive, homochiral isomers are favoured and X = 1 indicates the perfect homochiral self-sorting (no heterochiral species). When X is negative, heterochiral isomers are preferentially produced.
For the self-assembly of the Pd 2 1 4 cage from a racemic mixture of 1 S and 1 R , the X value was determined from the NMR signals for the homo-and heterochiral cages and from the mass signals for [Pd 2 1 4 ] 4+ , separately, so the X values determined from the two experimental data are indicated as X NMR and X MS , respectively. As X NMR can be determined by the total amount of the heterochiral cages (the integrals of the H 1 -H 5 signals) and the amount of the homochiral cages (the integral of the signal at 2.46 ppm), the ambiguity of the assignment of the H g signals for the isomers of the heterochiral cages (Pd 2 1 S 3 1 R and cis-and trans-Pd 2 1 S 2 1 R 2 ) does not affect the X NMR value at all. The X MS and X NMR values provide valuable information on the chiral selfsorting process. The X NMR value (a blue line in Fig. 9 ) indicates the distributions of the homo-and heterochiral cages. The positive X NMR value throughout the self-assembly indicates that thermodynamically the most stable homochiral cages were preferentially produced. However, the change in X NMR was not simple. X NMR was 0.71 at 15 min, then decreased until 30 min and increased after 30 min to reach 1.0 in the end of the self-assembly. In order to discuss this strange change in X NMR , the change in the X MS value was analysed.
The X MS value (red open circles in Fig. 9 and Supplementary  Table 19 ) is based on the mass signals for [Pd 2 1 4 ] 4+ , which are derived from Pd 2 1 4 Py* c (c = 0-3). Thus the X MS value contains the information about the intermediates, Pd 2 1 4 Py* c (c = 1-3), besides the cages. The negative value of X MS at 15 min (-0.50) indicates that heterochiral species are favoured. Considering the fact that the homochiral cages were preferentially produced at 15 min, the intermediates are biased towards heterochirality. Thus the reaction mixture at 15 min predominantly contains the homochiral cages and the heterochiral intermediates (as Fig. 8a shows, the substrates and Py* are also included). This indicates that though the amount of homochiral intermediates was significantly low, the homochiral cages were exclusively produced, suggesting that the intramolecular ligand exchanges in the homochiral intermediates, Pd 2 1 S 4 Py* c and Pd 2 1 R 4 Py* c (c = 1-3), took place much faster than in the heterochiral intermediates. The decrease in the X NMR value after 15 min suggests that most of the homochiral intermediates were converted into the homochiral cages and that the heterochiral cages began to be produced from the heterochiral intermediates. The increase in the X NMR value after 30 min indicates that the conversion of the heterochiral species into the homochiral ones took place.
The X MS value gradually increased with time but was smaller than the X NMR value until 12 h. This indicates that the chirality of the intermediates is still more biased towards heterochirality than that of the cage. The X MS value increased as high as the X NMR value at 12 h. Because the intermediates (about 20% based on 1) remained in the reaction mixture at 12 h (Fig. 8a) , the chirality of the intermediates was as much biased towards homochirality as that of the cage from 3 to 12 h, which suggests that the correction of the chirality (from hetero to homo) in the intermediates also took place during this : Homochiral cages (1 S ) Fig. 6 Comparison of the self-assembly from 1 S or a racemic mixture of period. The change in the X MS value indicates that heterochiral species are favoured under kinetic control even though the homochiral cages are thermodynamically the most favoured.
Discussion
The chiral self-sorting process was investigated for the selfassembly of the homochiral Pd 2 1 4 cages consisting of BINOLbased ditopic ligands. The self-assembly processes of the cage(s) from 1 S and from a racemic mixture of 1 S and 1 R were analysed by QASAP. At first, mononuclear species (Int P ), which are mainly Pd1Py* 3 and Pd1 2 Py* 2 , are produced. Then the intermolecular reactions between Int P s lead to Pd 2 1 3 Py* 4 and Pd 2 1 4 Py* 3 , in which intramolecular ligand exchanges take place to lead to the Pd 2 1 3 Py* 2 partial cage and the Pd 2 1 4 cage. Finally, Pd 2 1 3 Py* 2 is converted into the cage by the incorporation of 1 (Fig. 2) . According to the (〈n〉, 〈k〉) value, Pd 2 1 4 Py* c (c = 1-3) are the dominant dinuclear intermediates (major pathway). The chiral self-sorting process along the dominant self-assembly pathway takes place in a complicated manner (Fig. 1) . The heterochiral Pd 2 1 4 Py* c (c = 1-3) are preferentially produced at first but the faster intramolecular ligand exchanges in the homochiral Pd 2 1 4 Py* c (c = 1-3) lead to the homochiral cages faster. Then the heterochiral cages are produced from the heterochiral intermediates. The conversion of the heterochiral intermediates and cages into the homochiral counterparts takes place in the late stage of the self-assembly. Based on the self-assembly process of the cage, the kinetic distribution of the diastereomeric isomers must be destined in the stage of the intermolecular reactions between Int P s. These results indicate that the chiral self-sorting process is not simple and that homochiral intermediates are not necessarily preferred under kinetic control even though the homochiral final products are thermodynamically the most stable.
Methods
General information. 1 H and 13 C NMR spectra were recorded using a Bruker AV-500 (500 MHz) spectrometer. All 1 H spectra were referenced using a residual solvent peak, CD 3 NO 2 (δ 4.33), CDCl 3 (δ 7.26) and DMSO-d 6 (δ 2.50). All 13 C NMR spectra were referenced using a residual solvent peak, CDCl 3 (δ 77.16) and DMSO-d 6 (δ 39.52). Electrospray ionization time-of-flight (ESI-TOF) mass spectra were obtained using a Waters Xevo G2-S Tof mass spectrometer.
Materials. Unless otherwise noted, all solvents and reagents were obtained from commercial suppliers (TCI Co., Ltd., WAKO Pure Chemical Industries Ltd., KANTO Chemical Co., Inc., and Sigma-Aldrich Co.) and were used as received. CD 3 NO 2 was purchased from Acros Organics and used after dehydration with Molecular Sieves 4 Å. Ditopic ligand 1 S , 1 R and a racemic mixture of 1 S and 1 R were prepared according to the literature 64 . PdPy* 4 (BF 4 ) 2 was synthesized according to the literature 61 .
Synthesis of 1 R -d 6 . A synthetic scheme of 1 R -d 6 is shown in Supplementary  Fig. 14 . Preparation of dimethoxymethane-d 6 68 : A solution of paraformaldehyde (3.00 g, 100 mmol) and p-toluenesulfonic acid (172 mg, 1.0 mmol) in CD 3 OD (10 mL) was stirred at 50°C for 16 h under nitrogen atmosphere. The obtained solution was distilled to afford dimethoxymethane-d 6 (5.64 g, 74%) . 1 Preparation of (R)-2,2′-dihydroxy-3,3′-bis(3-pyridylethynyl)-1,1′-binaphthlyl (2 R ) 43 : A solution of 1 R (40.0 mg, 69.4 μmol) and conc. aq. HCl (1.2 mL, 14 mmol) in CH 2 Cl 2 (2.5 mL) was vigorously stirred at room temperature for 3 h and then quenched by aq. NaOH (2.5 M, 5.6 mL). After addition of CH 2 Cl 2 (10 mL), the organic layer was separated. The aqueous layer was washed with CH 2 Cl 2 (10 mL × 3) and the combined organic layer was dried over anhydrous MgSO 4 and filtered. The solvent was removed in vacuo to afford 2 R as a colourless solid (23.4 mg, 69%). Synthesis of 1 R -d 6 : A solution of 2 R (20.0 mg, 40.9 μmol) in dry THF (400 μL) and dry DMF (200 μL) was added to a solution of NaH (3.60 mg, 90.0 μmol) in dry DMF (350 μL) at room temperature. The reaction mixture was stirred at room temperature for 1 h. After addition of the solution of chloromethyl methyl ether-d 3 in toluene (2.06 M, 70 μL), the reaction mixture was stirred at room temperature for 2 h and quenched by sat. aq. EDTA (2 mL). After the addition of ethyl acetate (2 mL), the organic layer was separated. The organic layer was washed with water (2 mL × 3), dried over anhydrous MgSO 4 and filtered. The solvent of the filtrate was removed in vacuo and purified by silica gel column chromatography (silica gel 60 0.040-0.063 mm, AcOEt/Hexane = 2/1) to afford 1 R -d 6 as a colourless solid (12.8 mg, 54%). 1 Fig. 3 and Supplementary Figs 1 and 2 for the self-assembly from 1 S and in Fig. 7 and Supplementary Figs 3 and 4 for the self-assembly from a racemic mixture of 1 S and 1 R . The exact ratio of 1 and PdPy* 4 (BF 4 ) 2 was unambiguously determined by the comparison of the integral value of each 1 H signal of 1,3,5-trimethoxybenzene. The amounts of 1, [PdPy* 4 ] 2+ , the Pd 2 1 4 (BF 4 ) 4 cage(s), Int P (for the self-assembly from 1 S ) and Py* were quantified by the integral value of each 1 H NMR signal against the signal of the internal standard (1,3,5-trimethoxybenzene) . In order to confirm the reproducibility, the same experiment was carried out three times (runs 1-3 for the self-assembly from 1 S and runs 4-6 for the self-assembly from a racemic mixture of 1 S and 1 R ). The data, the average values of the existence ratios and the (〈n〉, 〈k〉) values are listed in Supplementary Tables 1-5 for the self-assembly from 1 S and in Supplementary Tables 6-15 for the self-assembly from a racemic mixture of 1 S and 1 R , respectively.
The change in the integral values of H 1 -H 5 assigned to the methyl groups of the heterochiral cages is shown in Supplementary Fig. 6 . The existence ratios of all the cages (homochiral Pd 2 Supplementary Fig. 7 .
Determination of the existence ratio of each species. The relative integral value of each 1 H NMR signal against the internal standard 1,3,5-trimethoxybenzene is used as the integral value in this description. We define the integral values of the signal for the substrates and the products at each time t as follows:
I L (t): 1/6 of the integral value of the g proton in free ligand 1 I M (t): the integral value of the n proton of Py* in [PdPy* 4 ] 2+ I cage (t): 1/6 of the integral value of the g proton in the homoleptic Pd 2 1 4 cage I Py* (t): the integral value of the n proton of free Py* I Int P (t): 1/6 of the integral value of the g proton in Int P (for the self-assembly from 1 S ) I h-cage1 (t): 1/6 of the integral value of the g proton in the Pd 2 1 S 1 1 R 3 and Pd 2 1 S 3 1 R 1 cages (for the self-assembly from a racemic mixture of 1 S and 1 R ) I h-cage2 (t): 1/6 of the integral value of the g proton in the cis-Pd 2 1 S 2 1 R 2 cage (for the self-assembly from a racemic mixture of 1 S and 1 R ) I h-cage3 (t): 1/6 of the integral value of the g proton in the trans-Pd 2 1 S 2 1 R 2 cage (for the self-assembly from a racemic mixture of 1 S and 1 R ) I M (0) was determined based on the exact concentration of solution A determined by 1 Existence ratio of 1: As the total amount of free ligand 1 corresponds to I L (0), the existence ratio of 1 at t is expressed by I L (t)/I L (0).
Existence ratio of Py*: As the total amount of Py* corresponds to I M (0), the existence ratio of Py* at t is expressed by I Py* (t)/I M (0).
Existence ratio of the Pd 2 1 4 homochiral cage: As the Pd 2 1 4 homochiral cage is quantified based on 1, the existence ratio of the cage at t is expressed by I cage (t)/ I L (0).
Existence ratio of Int P (for the self-assembly from 1 S ): As Int P is quantified based on 1, the existence ratio of the cage at t is expressed by I Int P /I L (0).
Existence ratio of the Pd 2 1 S 1 1 R 3 and Pd 2 1 S 3 1 R 1 cages (for the self-assembly from a racemic mixture of 1 S and 1 R ): As the Pd 2 1 S 1 1 R 3 and Pd 2 1 S 3 1 R 1 cages is quantified based on 1, the existence ratio of the cage at t is expressed by I h-cage1 (t)/ I L (0).
Existence ratio of the cis-Pd 2 1 S 2 1 R 2 cage (for the self-assembly from a racemic mixture of 1 S and 1 R ): As the cis-Pd 2 1 S 2 1 R 2 cage is quantified based on 1, the existence ratio of the cage at t is expressed by I h-cage2 (t)/I L (0). Existence ratio of the trans-Pd 2 1 S 2 1 R 2 cage (for the self-assembly from a racemic mixture of 1 S and 1 R ): As the trans-Pd 2 1 S 2 1 R 2 cage is quantified based on 1, the existence ratio of the cage at t is expressed by I h-cage3 (t)/I L (0).
Existence ratio of all the intermediates (Int): The existence ratio of the total intermediates is determined based on the amount of ligand 1 in the intermediates. Thus the existence ratio of the total intermediate is calculated by subtracting the other species containing 1 (free 1 and the Pd 2 1 4 cage(s)) from the total amount of 1 (I L (0)). The existence ratio of the total intermediates at t is expressed by (I L (0) -
)/I L (0) (for the self-assembly from a racemic mixture of 1 S and 1 R ).
〈a〉: The total amount of Pd(II) ions corresponds to I M (0)/4. The amount of Pd (II) ions in [PdPy* 4 ] 2+ at t corresponds to I M (t)/4. The amount of Pd(II) ions in the Pd 2 1 4 cage(s) at t corresponds to I cage (t)/2. The amount of Pd(II) ions in the intermediates at t is thus expressed by I M (0)/4 -I M (t)/4 -I cage (t)/2 (for the self-assembly from 1 S ) or I M (0)/4 -I M (t)/4 -I cage (t)/2 -I h-cage1 (t)/2 -I h-cage2 (t)/2 -I h-cage3 (t)/2 (for the self-assembly from a racemic mixture of 1 S and 1 R ).
〈b〉: The total amount of ligand 1 corresponds to I L (0). The amount of free ligand 1 at t corresponds to I L (t). The amounts of ligand 1 in the Pd 2 1 4 cage(s) at t corresponds to I cage (t). The amount of ligand 1 in the intermediates at t is thus expressed by I L (0) -I L (t) -I cage (t) (for the self-assembly from 1 S ) or I L (0) -I L (t) -I cage (t) -I h-cage1 (t) -I h-cage2 (t) -I h-cage3 (t) (for the self-assembly from a racemic mixture of 1 S and 1 R ).
〈c〉: The total amount of Py* corresponds to I M (0). The amount of free Py* at t corresponds to I Py* (t). The amount of Py* in [PdPy* 4 ] 2+ at t corresponds to I M (t). The amount of Py* in the intermediates at t is thus expressed by I M (0) -I Py* (t) -I M (t).
The 〈n〉 and 〈k〉 values are determined with these 〈a〉, 〈b〉 and 〈c〉 values by Eqs. (4) and (5) .
Quantitative analysis of self-assembly process. In QASAP, all the substrates (1 and PdPy* 4 (BF 4 ) 2 ) and the products (Pd 2 1 4 (BF 4 ) 4 cage and Py*) were quantified by 1 H NMR spectroscopy during the self-assembly of the cage and then the amount of the intermediates not observed by 1 1 H DOSY NMR spectroscopy. 1 H DOSY NMR spectra of the reaction mixture for the self-assembly from PdPy* 4 (BF 4 ) 2 and a racemic mixture of 1 S and 1 R measured at 3 h are provided in Supplementary Fig. 5 and the diffusion coefficients of the observed species are summarized in Supplementary Table 16 .
Mass spectrometry. A 1.92 mM solution of 1 S or a 1:1 mixture of 1 S and 1 R -d 6 (in both cases, the total amount of 1 was 0.960 μmol) in CD 3 NO 2 (380 μL) and CD 2 Cl 2 (120 μL), a 6.0 mM solution of 1,3,5-trimethoxybenzene in CD 3 NO 2 (50 μL, 0.30 μmol) and a 9.6 mM solution of PdPy* 4 (BF 4 ) 2 in CD 3 NO 2 (50 μL, 0.48 μmol) were mixed. At each time, 25 μL of the reaction mixture was taken, diluted with CH 3 NO 2 (500 μL), filtered through a membrane filter (pore size: 0.20 μm) and injected into the mass spectrometer with 4.0 μL/min flow rate to obtain ESI-TOF mass spectra (Supplementary Figs 8-11 3 :c. Assuming that the ionization efficiency of each species is the same and a 1 and a 3 are the same, the theoretical signal pattern of a mixture of [Pd 2 1 4 ] 4+ in a c:ca 1 :ca 2 :ca 1 :c ratio was calculated as the sum of the theoretical mass pattern of each species. Then c, a 1 and a 2 were determined so as to minimize the sum of the squares of the differences in the intensities of the signals between the theoretical and the experimental mass patterns and the parameter X was calculated using Eq. (8) . The results are shown in Supplementary Fig. 12 Supplementary Fig. 13 and their energies are summarized in Supplementary Table 20 .
Data availability. The authors declare that all the other data supporting the findings of this study are available within the article and its supplementary information files and from the corresponding author upon request.
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